Quantitative BOLD (qBOLD) is a technique for mapping oxygen extraction fraction (OEF) 2 and deoxygenated blood volume (DBV) in the human brain. Recent measurements using an 3 asymmetric spin echo (ASE) based qBOLD approach produced estimates of DBV which 4 were systematically higher than measurements from other techniques. In this study, we 5 investigate two hypotheses for the origin of this DBV overestimation and consider the 6 implications for in vivo measurements. Investigations were performed by combining Monte 7 Carlo simulations of extravascular signal with an analytical model of the intravascular signal. 8 Hypothesis 1: DBV overestimation is due to the presence of intravascular signal 9 which is not accounted for in the analysis model. Intravascular signal was found to have a 1 0 weak effect on qBOLD parameter estimates. 1 1 Hypothesis 2: DBV overestimation is due to the effects of diffusion which aren't 1 2 accounted for in the analysis model. The effect of diffusion on the extravascular signal was 1 3 found to result in a vessel radius dependent variation in qBOLD parameter estimates. In 1 4 particular, DBV overestimation peaks for vessels with radii from 20 to 30 μ m and is OEF 1 5 dependent. This results in the systematic underestimation of OEF. 1 6
Introduction 1
The quantitative BOLD (qBOLD) technique is a relaxometry based approach for mapping 2 oxygen extraction fraction (OEF) and deoxygenated blood volume (DBV) in the human brain 3 (He and Yablonskiy, 2007 ). An 
where t E is the echo time, τ is the spin echo displacement time and J 0 is the zeroth-order 1 Bessel function (He and Yablonskiy, 2007) . For simplicity this continuous function can be 2 broken down into two asymptotic solutions and applied piece wise (An and Lin, 2000) . ) enables V 0 to be 7 calculated.
Henceforth we will refer to this as the SDR qBOLD model. Simulating the effect of diffusion 1 1
Monte Carlo simulations of the qBOLD signal were performed by repeating the following 1 2 three steps for each simulated proton. Step 1: Generate a system of vessels. The vessel system was defined as a sphere with 1 4 radius R s . Vessel origin points (O) were randomly selected, with half placed on the surface of distributed random number generator (mean 0, standard deviation 1) and scaling by R s 1 8 (Muller, 1959) . Within the sphere, uniform density was maintained by taking account of the 1 9 increased volume occupied by points far from the centre of the system. This scaling factor, U, 2 0 is selected from a uniform distribution of random numbers (range 0 to 1). Vessels are modelled as randomly oriented infinitely long cylinders with a single radius, R c , 1 placed at the vessel origin points described by Eq. (7) and added until the target volume 2 fraction (V f ) is reached. Random orientation was ensured by generating a unit vector from a 3 normally distributed random number generator (mean 0, standard deviation 1).
4
Step 2: Proton random walk. Protons are initially placed at the centre of the vessel Step 3: Estimate the phase accrued at each step. The phase, 
where ߠ is the angle of the vessel with respect to B 0 , ߮ is the angle with respect to the 1 2 projection of B 0 onto a plane orthogonal to the vessel, r i is the perpendicular distance to the 1 3 vessel and Y is the blood oxygen saturation. Only the equation for the magnetic field outside 1 4 of the vessel is presented, since only extravascular signal was simulated. Here, t E is defined as the timing of the centre of the readout and t SE is the time at which the 4 spin echo forms (see Fig. 1 ). These definitions reflect an important distinction between the 5 ASE and GESSE pulse sequences, whereby t E is fixed for ASE and variable for GESSE 6 whilst t SE is variable for ASE and fixed for GESSE.
7
The phase evolution of P protons is then summed to simulate the decay of the 8 extravascular ASE or GESSE signal (Boxerman et al., 1995a),
1 0
where T 2,t is the underlying tissue T 2 . 
Here ߬ D =R rbc 2 /D b , where R rbc is the characteristic size of red blood cells and D b is the 1 diffusion coefficient of blood, T 2,b|0 is the intrinsic T 2 of blood and G 0 is the mean square field 2 inhomogeneity in blood,
The value of t SE is fixed for GESSE but is variable for ASE with
. By definition 4 t E is fixed for ASE and varying for GESSE.
5
Finally, the total signal, S TOT , is calculated by taking a volume weighted sum of the 6 intra-and extravascular signals. Simulations of the tissue signal were performed following the theory outlined above. Firstly, the system was then calculated. For protons that passed close to vessels, defined as sample the rapid magnetic field variation expected close to vessels (Dickson et al., 2010).
0
Walks that moved the proton inside a vessel were flagged to be discarded in order to simulate proton in 2 ms intervals, Δ t. A new system of vessels was generated for each proton and a 3 total of 10,000 protons were simulated for each vessel radius investigated. However, the 4 number of protons that passed within a vessel increased rapidly for smaller vessel radii.
5
Therefore, only the first P=5,000 protons that did not pass within a vessel were used to 6 calculate S EV using Eq. (11) with T 2,t =80 ms. Secondly, intravascular signal decay was volume fractions can be simulated from the signal magnitude generated by Eq. (11). It has 1 8 been shown that the extravascular signal, S EV , can be described as a radius dependent shape 1999) ( Fig. S2 ).
Finally, it is possible to simulate the effect of a system with multiple vessel radii by as the product of the signals of M single vessel simulations which have already been scaled 1 for blood oxygenation and volume fraction as described above (Fig. S3 ).
Parameter quantification 4
The following framework was used to quantify the parameters of the qBOLD model from the ASE signals, S(τ).
Parameters were estimated via Eq. (17) using the least square solution, with the error in each 1 2 parameter determined from the covariance matrix. Finally, OEF can be estimated by 1 3
rearranging Eq. (1).
Effect of diffusion on ASE measurements arterial blood is assumed to have an oxygen saturation, Y, of 100% hence the venous
The effect of intravascular signal on qBOLD parameter estimates was investigated by 1 9
repeating these simulations, but excluding the intravascular compartment. In this way it was 2 0 possible to quantify the percentage of the parameter estimate (PE) which results from the 2 1 presence of intravascular signal i.e.
Further investigation of the effect of diffusion on DBV estimates was pursued based of arterial and venous vessels, with a range of radii, and a capillary compartment with a 1 2 single vessel radius (Table 1) . Additional Monte Carlo simulations for this range of vessel 1 3 radii were performed and combined using the acceleration techniques described above.
4
Arterial vessels were assigned an arterial oxygen saturation, Y a , of 98%, which was used to 1 5 calculate the venous saturation, Y v , for a given OEF. 
Relative blood volume fractions for each vessel type were calculated by estimating the 2 1 volume of each vessel radius population as cylinders with the properties described in Table 1 .
2
These relative blood volume fractions were then scaled by the total cerebral blood volume 2 3 (CBV). Pairs of OEF and CBV values were drawn from a uniform random number generator 1 within the following ranges: OEF 0-100%, CBV 0-10%. The qBOLD parameters were 2 quantified for 1,000 random OEF-CBV pairs to examine the effect of diffusion across the 3 physiological range. In the absence of a strict definition of DBV, the ground truth was 4 assumed to be equal to the combined blood volume occupied by capillary and venous vessels.
5
This is therefore only a working assumption, since it is likely the true DBV is weighted by 6 blood oxygenation and vessel radius. Deoxyhaemoglobin content , dHb, was calculated based 7 on the same assumption for DBV and a value for the density of brain tissue that underlie this study can be found in Appendix A. approximately 40 μ m ( Fig. 3a,d) and are then consistent with predictions from the SDR 1 qBOLD model (dashed lines calculated using Eq. (1)). The apparent DBV is found to be 2 strongly dependent on vessel radius, peaking between 20 and 30 μ m (Fig. 3b,e ). Estimates of 3 the apparent OEF increase monotonically with vessel radius reaching the value predicted by 4 the SDR qBOLD model as the vessel radius approaches 1,000 μ m (Fig. 3c,f) . When the true 5 OEF was fixed whilst DBV was varied ( Fig. 3c ) estimates of apparent OEF were consistent 6 across DBV levels, suggesting that the error in DBV is a linear scale factor. Likewise, it can 7 be seen that the profile of apparent DBV when the true DBV was fixed and OEF was varied 8 ( Fig. 3e ) peak at different vessel radius values, suggesting that the error in DBV is OEF 9 dependent. Furthermore, this effect can be seen to result in a reduced dynamic range for the 1 0 estimates of apparent OEF as vessel size is reduced (Fig. 3f ). Figure 4 confirms that the 1 1 percentage error in DBV is constant for a given combination of OEF and vessel radius ( Fig.   1  2   4a ), but differs for different OEF values (Fig. 4b ). to reflect a larger contribution when OEF is low, conditions where qBOLD contrast is low.
7
Despite this the effect of the intravascular signal appears to be largely cancelled in the 1 8 estimation of OEF (Fig. 5c,f) . A reproduction of Fig. 3 without intravascular signal is 1 9
included in the supplementary material for comparison and shows little discernible difference 2 0 by eye ( Fig. S5 ). the sum of the two curves representing the apparent DBV (represented by grey shading).
5
When interpreting these curves, it is useful to consider the orange markers as a reflection of 1 the deviation of the spin echo from perfect refocusing (with positive values representing 2 increased signal attenuation) and the green markers as a reflection of the deviation of the 3 measured R₂′ from the SDR qBOLD estimate of R₂′. The former is found to be subject to 4 increasing signal attenuation as vessel size is reduced, which is strongly affected by blood predicted by the SDR model via Eq.
(1), with DBV estimated according to the working 1 0 assumption described above (Fig. 7a ). Data points are colour coded to reflect the true voxel uncertainty does not propagate into estimates of apparent OEF (Fig 7c) where data points are 1 6 colour coded by true DBV. Apparent OEF increases monotonically between 0 and 50%, but 1 7 reaches a plateau for higher values, and is inappropriately scaled compared with the true 1 8
OEF. In a similar manner to Fig. 4 , the percentage error in the apparent DBV can be plotted 1 9
as a function of true OEF (Fig. 8 ). As noted for the single vessel radius simulations, this error 2 0 is strongly OEF dependent.
1
These simulations were repeated for different ASE pulse sequence parameters, between apparent R₂′ and SDR qBOLD predicted R₂′ is slightly reduced for the alternative 2 5 parameters ( Fig. S6a ). More noticeable is the reduction in the range of apparent DBV values 1 (Fig. S6b) , with the error in the apparent DBV reduced by more than a half (Fig. S7) . Whilst 2 the apparent OEF is also inappropriately scaled, the relationship with true OEF is more 3 monotonic in nature. contrast, the extravascular signal was shown to have a very strong dependence on vessel 1 6 radius providing the potential for a large error in DBV and is considered to be the dominant 1 7 cause of DBV overestimation. Furthermore, the error in DBV is predicted to be blood oxygen 1 8 saturation level dependent. Integration of these single vessel radius simulations via an in vivo 1 9
vessel distribution revealed three main findings. Firstly, that the relationship between the 2 0 apparent R₂′ and deoxyhaemoglobin content is retained. Secondly, there is an inherent 2 1 uncertainty in estimates of DBV. Finally, this uncertainty is not propagated to apparent OEF 2 2 estimates, but results in inappropriate scaling of these estimates. Furthermore, the monotonic pulse sequence ( Fig. 2a) , where the signal maximum was found to be close to the spin echo This study also considered the R₂′-weighted contribution of the blood to the qBOLD 2 0 signal using a recently proposed model (Berman and Pike, 2018). In common with the 2 1 extravascular results, the ASE blood signal is symmetric with respect to the spin echo, but 2 2 decays far less as a function of τ (Fig. 2b) . However, the signal is heavily attenuated at all GESSE blood signal, which are highly shifted to negative τ values and present largely as an 1 exponential decay (Fig. S4b) . Simulations of the combined intravascular and extravascular signal revealed a vessel radius 5 dependent overestimation of DBV (Fig. 3b,e ). The error in the apparent DBV was found to 6 be OEF dependent (Fig. 4) . However, at larger radii (approaching 1 mm) estimates of DBV R c >10 μ m) was observed ( Fig. 5b,e ). The effect of intravascular signal was more pronounced qBOLD model (Fig. 3a,d) due to diffusional narrowing, such that
is also 2 4 reduced (Fig. 6) . Similarly, additional unrecoverable signal decay due to diffusion narrowing 0 results in a decrease in the value of
, which is analogous to an increase in 1 apparent R and is strongest for capillary sized vessels (Note that Fig. 6 of the apparent DBV as a function of vessel radius can be described. The apparent R₂′ was found to be tightly correlated with the R₂′ predicted by SDR qBOLD 1 5 model (Fig. 7a ). This is important as it demonstrates that the relationship between R₂′ and the observed in the apparent DBV (Fig. 7b ). This was demonstrated to be blood oxygenation 2 3 dependent i.e. a function of OEF (Fig. 8) . This is consistent with the results of the single analysis of the use of hyperoxia for measuring venous cerebral blood volume:
Comparison of the existing method with a new analysis approach. Neuroimage 72, 33-2 4 40.
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Morphometry of the human cerebral cortex microcirculation: General characteristics and ). The sum of these curves is the apparent DBV as in Fig. 3 and represented here by the grey shaded area. Dashed lines display the prediction made by the SDR qBOLD model. 7 . The effect of multiple vessel radii simulations on the qBOLD parameter estimates was considered by generating many pairs of OEF and CBV values. ASE pulse sequence parameters were t E =80 ms with τ =0 and τ =16 to 64 ms in 4 ms steps following the work of (Stone and Blockley, 2017). (a) The apparent R₂′ is linearly dependent on the R₂′ predicted by the SDR model, but with a different gradient. (b) A large amount of uncertainty in the apparent DBV is observed. (c) The apparent OEF appears to plateau beyond 50%, but monotonically increases with true OEF for lower values. Markers are coloured to reflect true dHb content, true OEF and true DBV for parts (a), (b) and (c), respectively. Fig. 7 was investigated by plotting apparent DBV as a function of true OEF. ASE pulse sequence parameters follow the work of (Stone and Blockley, 2017). The results suggest that the error in the apparent DBV is OEF dependent. Markers are coloured to reflect their true DBV.
Fig. 8. The uncertainty in DBV in

